The Organic Bound Tritium (OBT) amount in the body may induce changes in the evaluation of the internal exposure to tritium, due to its different retention time relative to HTO. OBT measurements for urine are not performed routinely, mainly because of the lengthy work needed in preparation of the samples, when using the standard oxygen combustion method. A simpler and more rapid method based on liquid scintillation counting (LSC) was employed, and an evaluation was performed to check its suitability for urine samples. The principle of the proposed method is based on subtracting the LSC counts of the water phase sample (HTO) from the total activity of the urine sample (OBT þ HTO). A good correlation was found between the results obtained when applying the proposed direct method and the Gold standard method. The minimum detectable activity when using this method was determined.
INTRODUCTION
Exposures to tritiated water (HTO), organicallybound tritium (OBT), and tritium gas are of concern among occupationally exposed workers. Like HTO, OBT can enter the body through different routes of intake and can also be accumulated in the body. Tritium atoms from HTO can replace the hydrogen atoms in organic compounds, thus a various portion of tritium is retained in the body in the form of OBT (1) . A considerable portion of the OBT binds to biological molecules or remains as OBT with various degrees of solubility. OBT can be retained in the human body much longer than tritiated water (HTO) and therefore the dose arising from OBT can reach 50% of the total tritium dose (2) . The most widely used methods for measuring OBT are wet oxidation (with perchloric acid and hydrogen peroxide) and dry combustion. The dry combustion (Gold standard) method is the more suitable, and includes oxidation of hydrogenous materials by heating in the presence of oxygen, with the combustion products passing over heated copper oxide (3, 4) . This method is relatively complicated, time consuming and suffers from possible cross-contamination of tritium from HTO to OBT. We tested a more simple and rapid method, similar to the method mentioned elsewhere (5) , to determine OBT in urine by liquid scintillation counting (LSC). The principle is based on subtracting the tritiated water phase activity (HTO) from the total activity found in the phase of urine (OBT þ HTO). The main problems encountered when measuring total tritium (HTO þ OBT) by liquid scintillation are the color and chemical quenching, non-specific luminescence due to the organic matter and the contribution of 40 K, which is naturally present in urine (6) . These contributions were taken into account by measuring the samples with a QUANTULUS 1220 LSC system (Wallac Oy, Finland) at Soreq Nuclear Center.
THE METHOD

Quantulus 1220 system operation
Quantulus 1220 is a low background Liquid Scintillation Counter. The random coincidences are monitored using delayed coincidence between the two photomultipliers viewing the measured sample, thus the chemiluminescence and other random contributions can be determined directly. The random coincidence counts are stored in Half 1 of the first multichannel (MCA1).
No differentiation is made in the literature between the optical and chemical quenching corrections when the amount of color is not very significant (tSIE > 100), and CCl 4 is often used for preparation of general quench standards (7) . As all our samples were in this range (tSIE > 100), in order to perform corrections for the quenching effect, a set of standard quenched samples was prepared by adding various volumes of CCl 4 to vials containing a fixed amount of 3 H in a standard volume of liquid scintillator.
The spectra of a 3 H sample and the different contributions in addition to 3 H, when counting by the Quantulus 1220 system, are shown in Figure 1 . The 40 K contribution to the 3 H count rate is evaluated from the count rate in the higher channels region, and is subtracted accordingly. The non-radioactive induced signals information (background) stored in Half1 of MCA1 can also be subtracted, thus the net 3 H counting results can be obtained, corrected for interferences.
Total activity determination
The total activity of the soluble tritium phase (OBT þ HTO) in urine was determined from samples obtained by mixing 2 ml of urine sample with 14 ml of liquid scintillator (Optiphase-3-Wallac) and 4 ml of nano-pure water (18.2 ohms), practically containing no tritium. The liquid scintillator dilution was based on the manufacturer's suggestion. The samples were shaken to homogenate the ingredients, left at 4-8 C overnight (16 h), and were counted in the Quantulus 1220 system for 45 min.
Determination of the activity of HTO
The activity of HTO was determined from the urine samples, after mixing them with 3 g of active charcoal, which absorbed all organic compounds. The mixtures were filtered through Whattman paper filters (no. 41). Samples were prepared in the same way as for total activity determination and were counted by the Quantulus 1220 apparatus for 45 min each. The use of active charcoal was based on known protocols (8, 9) , which were verified by us. For applying the standard methods, the following procedures were used:
Lyophilisation (freeze drying)
This process is not part of the routine procedure, but is used to prepare pure OBT solutions for comparison purposes. The method consists of freezing the sample and separating the water under vacuum.
By the lyophilisation technique, the organic component in urine was dried, reconstituted with tritiumfree water, and lyophilised again. After the second lyophilisation, the dried sample was reconstituted again with tritium-free water, and injected to the Oxygen combustion apparatus.
Combustion of the samples (Gold standard method) (3, 4) The system consists of a first tube region into which the sample is injected into an oxygen gas stream. The sample moves with the oxygen gas into the second region, which is surrounded by an electric furnace where the sample is heated. In the presence of oxygen, the sample is oxidised, and the combustion products pass slowly with a controlled oxygen flow over heated copper oxide at 590-700 C, that acts both as a catalyst and final oxidising agent. The combusted sample is transported by the oxygen gas into a cold trap which contains tritium-free water. The typical time required for combustion of a sample is $1 h.
RESULTS AND DISCUSSION
The basis of the method proposed for evaluation of the OBT content in urine is the differentiation between the HTO and the total Tritium content. This differentiation is performed by adsorption of the organic compounds on active charcoal, therefore the adsorption efficiency is the key parameter.
We studied first the adsorption efficiency of an OBT standard (Fructose-1- 
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content, while the other was mixed with active charcoal and prepared for counting, as mentioned before. The counting results indicate that the filtrate's activity was only 3.5 AE 0.4 Bq/ml, compared to a total activity of 184.7 AE 1.2 Bq/ml (adsorption efficiency of 98 AE 1%). The uncertainties given here, as well as for all other results presented in this work, are for a confidence level of 99%. As the OBT standard may also contain a small amount of free tritium, the filtrate's activity may be not entirely due to non-adsorbed OBT, meaning that 98% is the minimal adsorption efficiency.
A similar experiment was performed with a lyophilised urine sample containing OBT. The dried residue of the urine was reconstituted several times with tritium-free water following several lyophilisation cycles, and divided into two equal volumes which were treated as indicated before. The LSC result for the filtrate's activity was 75 AE 27 mBq/ml, compared to a total activity of 2.6 AE 0.2 Bq/ml, meaning that at least 97 AE 9% of the OBT was adsorbed to the active charcoal.
These results demonstrate the high-adsorption efficiency of the organic compounds to the active charcoal. In view of the counting uncertainties and the possible contribution of some free tritium present in the OBT standard, it can be supposed that almost all OBT is adsorbed to the active charcoal.
Another point that had to be proved was that there is no selective adsorption of HTO to active charcoal. We determined the activity of a HTO sample, obtained after treatment by the combustion method, versus the filtrate of the same HTO solution which was mixed before with active charcoal. LSC of the oxygen combustion sample gave 24.7 AE 1.1 Bq/ml, and the result of the same solution after mixing it with active charcoal and filtering was 24.1 AE 1.1 Bq/ml. The similar results indicate that the HTO concentration is not affected by the presence of charcoal.
The OBT activity in the urine samples, its uncertainty, and the Minimal Detectable Activity (MDA OBT ) were calculated by Equations 1-3, respectively. Equation 3 is based on the American standard recommendation ANSI N13.30 (1996) (10) . The activity of the OBT is given by:
The parameters for this equation (and also for Equations 2 and 3) are:
R full ¼ Total tritium count rate of the urine sample; R B ¼ Blank count rate (common to HTO and Urine); R full lum ¼ Urine total tritium count rate of luminescence which is not due to radioactivity; R B lum ¼ Blank count rate of luminescence, which is not due to radioactivity; R HTO ¼ HTO count rate; R HTO lum ¼ HTO count rate of luminescence, which is not due to radioactivity; t ¼ count time (min). 't' is equal for HTO and for urine activity determinations; eff full ¼ count rate efficiency (corrected for quenching);
eff HTO ¼ count rate efficiency of HTO (corrected for quenching); V ¼ Sample volume (ml). 'V' is equal for HTO and urine's activity determinations;
('lum' specifies the counts which are not due to radioactivity, that were accumulated in Half1 of MCA1).
Equations (2) and (3) do not include the uncertainty of the efficiency, as being $1% it can be neglected. It should be stressed that, as seen from Equation (3), MDA OBT is specific for each case being dependent also on the HTO content.
A comparison of the tritium activity determined by the method proposed in the present work compared to the Gold standard method, was done by dividing several urine samples into two portions and handling each portion by a different procedure. Four urine samples of workers (numbered from 1 to 4) were processed by the two methods.
The uncertainty of the OBT activity is given by:
The Minimal Detectable Activity of OBT (MDA OBT ) is given by:
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The lyophilisation results for OBT content obtained by both methods are presented in Table 1 . It can be seen that the results are very close, within the experimental uncertainties. In order to quantify the goodness of fit, a least squares analysis was performed to the relation of the results obtained by the two methods. The function Y Direct ¼ 1.0015·Y Gold could be fitted with an r 2 coefficient of 0.9994, indicating an almost complete similarity of the results obtained by the two methods.
A similar comparison was made for the total activity results of the soluble tritium phases (OBT þHTO) in urine, as determined by the direct counting method, versus the Gold standard method. Six urine samples of workers (numbered from 5 to 10) were divided into two portions, each portion being handled by the different procedure. The results obtained by both methods are also presented in Table 1 . For this case too, a least squares analysis was performed to the relation of the results obtained by the two methods. The function Y Direct ¼ 1.0293·Y Gold could be fitted with an r 2 coefficient of 0.9777. The fitting in this case is somewhat worse than for OBT, the reason for it being a relatively high difference for sample #9. This difference could be due to experimental uncertainties.
A final test between the regular method used for determination of OBT and the different method proposed by us, was done by contaminating a urine sample, (which contained no tritium) with commercial OBT (fructose-1-3 H, prepared by DuPont company). The contaminated sample was divided into four equal volumes. One part was analyzed for total tritium activity, the second part was used for determination of HTO activity, and the OBT activity was determined by the subtraction method. The final two parts of the contaminated urine were lyophilised to remove tritiated water (HTO), washed with tritium-free water, and lyophilised again. One sample after lyophilisation was processed by the oxygen combustion-LSC method. Tritium-free water was added to the other sample and it was counted directly. The results given above, show that there is a similarity between the results for OBT obtained by the different methods. The deviations are minor and within the frame of the experimental uncertainties.
The subtraction method was applied to determine the OBT content in urine samples of 74 potentially exposed workers. Besides the OBT activity, its uncertainty and the minimal detectable activity (MDA OBT ) were determined by using the Equations (1-3) . The results are concentrated in Figure 2 . In 39% of the samples the OBT activity was above the MDA OBT value. The average MDA OBT for the 74 urine samples, was found to be 0.11 Bq/ml. However, it should be remembered that MDA OBT depends on the HTO activity in the urine sample, therefore its value is specific to a certain sample. For example, for the six urine samples 5 to 10 mentioned in Table 1 , the value of their specific MDA OBT varied from 0.09 to 0.22 Bq per ml.
The average MDA OBT value was checked also for a group of workers not classified as occupationally exposed to tritium. A total of 15 urine samples from this group of workers were analyzed by applying the subtraction method, and the value of the average MDA OBT value was found to be 0.052 Bq per ml. This value is about the half of the average MDA OBT for the 74 occupationally exposed workers, stressing the importance of the soluble part contribution.
CONCLUSIONS
The good correlations between the results obtained by the Gold standard method and the method employed by us, proves the reliability of the urine's tritium activity determination by the subtraction method. By using this method, the total activity found in the soluble tritium phase (OBT þ HTO) and the OBT content can be determined faster than by the Gold standard method, as it does not include any time consuming procedures like lyophilisation and organic matter decomposition.
